In Brief
Abbas et al. demonstrate that hypoxia sensing is an important component of photomorphogenesis. Hypoxia acts as a positive external positional cue controlling morphogenetic and biochemical adaptations to protect the stem cell niche. Sensing hypoxia in the dark coordinates responses that maximize survival and establishment in the light.
SUMMARY
Successful emergence from the soil is essential for plant establishment in natural and farmed systems. It has been assumed that the absence of light in the soil is the preeminent signal perceived during early seedling development, leading to a distinct morphogenic plan (skotomorphogenesis) [1] , characterized by traits providing an adaptive advantage until emergence and photomorphogenesis. These traits include suppressed chlorophyll synthesis, promotion of hypocotyl elongation, and formation of a closed apical hook that protects the stem cell niche from damage [2, 3] . However, absence of light by itself is not a sufficient environmental signal for early seedling development [4, 5] . Reduced oxygen levels (hypoxia) can occur in water-logged soils [6] [7] [8] . We therefore hypothesized that below-ground hypoxia may be an important, but thus far undiscovered, ecological component regulating seedling development. Here, we show that survival and establishment of seedlings following darkness depend on their ability to sense hypoxia, through enhanced stability of group VII Ethylene Response Factor (ERFVII) transcription factors. Hypoxia is perceived as a positive environmental component in diverse taxa of flowering plants, promoting maintenance of skotomorphogenic traits. Hypoxia greatly enhances survival once light is perceived, while oxygen is necessary for the subsequent effective completion of photomorphogenesis. Together with light perception, oxygen sensing therefore allows an integrated response to the complex and changing physical microenvironment encountered during early seedling growth. We propose that plants monitor the soil's gaseous environment after germination, using hypoxia as a key external cue to protect the stem cell niche, thus ensuring successful rapid establishment upon emergence above ground.
RESULTS AND DISCUSSION
We analyzed the effect of oxygen availability and light on seedling growth following germination in species representing distinct branches of eudicot phylogeny: Papaver somniferum, Nicotiana benthamiana, and Arabidopsis thaliana (Arabidopsis). Apical hook development is characterized by three phases: formation, maintenance, and opening [5, 9] . Contrary to the observation that seedlings kept in darkness under normal oxygen levels (normoxia) eventually open the hook ( Figure 1A ), we found that hypoxic conditions (2% oxygen imposed following the hook maintenance phase) strongly inhibited opening in all species, which was reverted following transfer back to normoxia ( Figures  1A and 1B) . The response of final hook angle to increasing oxygen tensions in Arabidopsis is linear, suggesting stochastic cumulative sensing and response to oxygen ( Figure 1C ) [10] . Etiolated seedlings maintained under hypoxia were able to complete hook opening when exposed to light but had defective unfolding and greening of cotyledons, indicating that oxygen is required for the complete response to light ( Figure 1D ). Oxygen sensing in flowering plants is therefore a major component of skotomorphogenic development and the transition to photomorphogenesis.
Oxygen is sensed in plants by the Cysteine (Cys) branch of the Arginine (Arg)/N-end rule pathway of targeted proteolysis, using group VII Ethylene Response Factors (ERFVIIs) as substrates [11, 12] (Figure 2A ). The N-end rule pathway relates the in vivo stability of a protein to the nature of its N terminus, which may be stabilizing or destabilizing (the N-degron) [14] . In normoxia, ERFVIIs are destabilized through oxidation of N-terminal (Nt)-Cys, which targets the proteins for degradation via the N-end rule pathway. Under hypoxia, Nt-Cys is not oxidized and substrates are stable, enhancing growth and development [11] [12] [13] . This mechanism is also used to sense nitric oxide (NO), an essential component of Nt-Cys oxidation [15, 16] . There are five ERFVIIs in Arabidopsis: RELATED TO AP (RAP)2.12, RAP2.2, RAP2.3, HYPOXIA RESPONSIVE (HRE)1, and HRE2 [17] .
We investigated whether early seedling growth in Arabidopsis is controlled by oxygen sensing through the N-end rule pathway. We analyzed apical hook development in mutant seedlings lacking either E3 ligase (PRT6) or Arginyl-transferase (ATE) functions (Figure 2A ). In these mutants, substrates of the Cys-Arg/N-end rule pathway are constitutively stable, but with different N termini. In contrast to wild-type (WT; accession Col-0) etiolated seedlings, apical hooks of prt6 and ate1 ate2 did not fully open in the dark under normoxia ( Figure 2B ). Remarkably, the prt6 rap2.12 rap2.2 rap2.3 hre1 hre2 sextuple mutant (prt6 erfVII), which lacks the function of all five ERFVIIs, reverted the prt6 phenotype ( Figures 2B and S1 ), indicating that ERFVIIs act redundantly to repress hook opening. Opening of apical hooks was also inhibited in NO-deficient mutants, a phenotype reverted in the nia1 nia2 erfVII mutant or by treatment with NO ( Figures 2C and S1 ). To confirm that ERFVIIs are an integral component of oxygen sensing controlling early seedling development, we tested the ability of individual ERFVIIs to repress hook opening by expressing mutant stable versions (in which Cys-2 was changed to Alanine, a stabilizing residue; Figure 2A ) driven by their endogenous promoters (promERFVII:MA-ERFVII) providing MA-ERFVII protein. All five MA-ERFVIIs were able to inhibit hook opening compared to WT, indicating that Cys-Arg-N-end rule-mediated degradation of all ERFVIIs contributes to hook opening ( Figure 2D ). In order to provide unequivocal evidence that oxygen sensing by ERFVIIs controls hook opening, we analyzed hook development in WT and rap2.12 rap2.2 rap2.3 hre1 hre2 (erfVII) pentuple mutant (which lacks all ERFVII activity) seedlings under conditions where hypoxia was imposed at the end of the hook maintenance phase ( Figure 2E ). Under hypoxia, WT etiolated seedlings were completely unable to open their hooks. This, however, was not the result of a loss of respiratory energy but a specific consequence of oxygen sensing, as erfVII mutant seedlings completed hook opening under hypoxia with similar kinetics to WT seedlings under normoxia. In addition, return to normoxia following a prolonged hypoxic treatment allowed hooks of WT seedlings to open (Figure S1 ), reaffirming a role for a fast-responding oxygen-sensing mechanism. We observed no effect of hypoxia on hypocotyl elongation, demonstrating that the observed phenotypes are not a consequence of hypoxia-induced quiescence ( Figure S1 ). Apical hook development has been intimately linked to the dynamics of auxin levels [2] . Accordingly, we observed a strong correlation between the presence of a gradient of auxin activity across the apical hook and the maintenance of the hook under hypoxia ( Figure S1 ), suggesting oxygen-mediated regulation of localized auxin responses.
Given that oxygen is required for complete response to light ( Figure 1D ), we investigated whether greening of cotyledons, another key component of photomorphogenesis, is also mediated by oxygen-dependent ERFVII degradation. Etiolated seedlings of WT and N-end rule mutants were analyzed following transfer to light under hypoxic or normoxic conditions. After transfer to light under normoxia, total chlorophyll levels were much lower in prt6, ate1 ate2, and nia1 nia2 mutants compared to WT, but similar in prt6 erfVII ( Figure 2F ). Chlorophyll levels were also reduced in WT seedlings under hypoxia following transfer to light, but not in erfVII. Individual stable ERVIIs MA-HRE1 and MA-RAP2.3 driven by their endogenous promoters were not able to repress chlorophyll accumulation, indicating that they act in combination, perhaps as part of heteromeric complexes, with other ERFVIIs, unlike their roles in apical hook maintenance.
Our results indicate that oxygen availability is sensed by ERFVIIs during early seedling development and prompt the hypothesis that low oxygen levels would also enhance seedling survival during exposure to prolonged darkness. As previously reported [4] , we found that after extended exposure to dark under normoxia, WT seedlings died, whereas here we show that hypoxia allowed complete recovery of cotyledon greening and even the capacity for primary leaf growth ( Figures 3A, 3B,  and 3C ). Hypoxia-mediated survival was completely dependent on ERFVIIs (Figures 3B and 3C) , which restricted the accumula- tion of reactive oxygen species (ROS) ( Figure S2 ). As a confirmation for the involvement of ERFVIIs in survival after long exposure to darkness, only prt6, but not prt6 erfVII, seedlings were able to survive long-term exposure to dark normoxia ( Figure 3D ). Photo-oxidative damage caused by high ROS levels has been linked to excessive accumulation of protochlorophyllide (PC) in darkness [4] ; therefore, observed reduced levels of PC in prt6 mutants compared with WT, erfVII and prt6 erfVII ( Figure 3E ), are the likely explanation for the enhanced survival. These results demonstrate that stabilized ERFVIIs protect seedlings from prolonged exposure to dark conditions and permit subsequent growth of the apical meristem following transfer to light.
In darkness, chlorophyll biosynthesis is known to be repressed by PIF transcription factors [18] . However, our analysis of PC accumulation suggested that ERFVIIs repress expression of chlorophyll biosynthesis genes in low-oxygen environments. We therefore analyzed the influence of light and hypoxia on mRNA transcript accumulation for enzymes of tetrapyrrole synthesis (Figures 4A-4D ). For several genes, expression in etiolated seedlings was not influenced by hypoxia ( Figure S3 ). However, expression of the chloroplastic form of heme synthase, FC2, and CHLM, PORA, PORB, PORC GUN1, and GUN4 was greatly repressed in WT by hypoxia both in the dark and, following transfer, in the light, and was also constitutively repressed in prt6 independent of oxygen availability ( Figures  4C and 4D) . Furthermore, this repression was not observed in erfVII or prt6 erfVII mutants, indicating that downregulation is achieved by stabilized ERFVIIs. In contrast, FC1 (encoding chloroplastic and mitochondrial heme synthase [19] ) expression was enhanced under hypoxia, in an ERFVII-dependent manner ( Figure 4D) . Our results suggest a homeostatic mechanism whereby hypoxia-stabilized ERFVIIs repress several steps of the oxygen-requiring tetrapyrrole pathway. Together, these results demonstrate an important role for oxygen sensing in chlorophyll biosynthesis by N-end rule control of ERFVII stability.
The observation that in the light chlorophyll biosynthesis is not completely impaired in hypoxia suggests light either compensates for repression of chlorophyll biosynthesis by ERFVIIs or promotes inactivation of ERFVIIs. It has been shown that cytosolic RAP2.12 moves to the nucleus in response to the hypoxic signal [12] . In agreement with this result, we found that in etiolated seedlings under hypoxia, the subcellular location of constitutively expressed stabilized RAP2.3 (35S:YFP-RAP2.3) changed from cytoplasm and nucleus to exclusively nucleus ( Figures 4E and S3) . However, under normoxia and following transfer to light, this stabilized ERFVII is removed from the nucleus, through a mechanism unrelated to the ERFVII N-degron, as Nt-Cys is not present in the analyzed protein due to the Nt-YFP fusion. However, it is interesting to note that this degradation occurs much more slowly in hypoxia. These results show that light can override ERFVII function even under hypoxia, eventually becoming the dominant environmental signal.
In addition to its metabolic requirement for aerobic respiration, higher eukaryotes use specific sensing of molecular oxygen as a mechanism to control physiology and development [20, 21] . Animals use a different Hypoxia-Inducible Factor (HIF) system to sense oxygen [20] . It has been shown that embryos of Caenorhabditis elegans exhibit diapause (arrested development) in response to hypoxia, controlled by maternal nonautonomous expression of neural HIF-1 activity [22] . The rice Submergence1A (Sub1A) locus (encoding an ERFVII) provides tolerance to submergence-induced hypoxia through a quiescence strategy [21] , and work reported here demonstrates that etiolated seedlings of higher plants restrict photomorphogenic development under lowoxygen stress and survive extended lowoxygen conditions through stabilization of ERFVIIs. Thus, morphogenetic and biochemical adaptations to survive hypoxic environments in animals and plants may share common features. Our data demonstrate that oxygen sensing, in addition to light perception, is a key component of early seedling development, functioning to protect the apical meristem stem cell niche and prevent photo-oxidative damage. We show that long-term survival of seedlings in the dark depends on their ability to sense oxygen and that counter-intuitively hypoxic conditions are an important environmental component enhancing long-term seedling survival. In addition to previous work demonstrating a role for ERFVIIs in plant responses to waterlogging and hypoxia, our current work highlights how sensing of the gaseous environment may play a more general role in plant growth and development. Low light and high ethylene production are similarities between the phenomenologies of flooding and skotomorphogenesis [23, 24] . However, the response of etiolated seedlings described here is not related directly to escape or quiescence strategies associated with long-term submergence [21] but to rapid and non-permanent hypoxic conditions that could occur, for example, after heavy rain in soil with good draining capacity. In agreement with this hypothesis, oxygen sensing does not appear to influence one skotomorphogenic trait, hypocotyl elongation, as etiolated prt6 seedlings, and WT and erfVII seedlings under hypoxia, elongate hypocotyls similarly to WT under normoxia [15] (Figure S1 ), suggesting that oxygen sensing is specifically related to protection of the apical meristem stem cell niche.
Recently it was shown that oxygen acts as an internal developmental positional cue in plants [25] ; in this work, we have shown that it also acts as an environmental positional cue. The underground environment combines both oxygen and light gradients. We suggest that whereas PIF function integrates responses to light in early seedling growth [26, 27] , ERFVII function integrates responses to the gaseous environment, and the extent of overlap between the two pathways remains to be determined. Oxygen sensing may therefore provide an adaptive advantage to seedlings growing through the soil, allowing changes in the gaseous atmosphere to be sensed prior to the irreversible transition to photomorphogenic growth. Ultimately, removal of ERFVIIrepressive function is assured when seedlings reach the soil surface through oxygen and NO-mediated destruction. Together with light perception, this allows an integrated response to the complex and changing physical microenvironment encountered by the growing etiolated seedling as it struggles through the soil to reach the surface. 
SUPPLEMENTAL INFORMATION

